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: The flow of : air in 1 leve el, open en country is adopted a as the standard of reference 


: in this is paper, assuming that the influence of local shielding and unusual topog- 


raphy v will be evaluated by, the designer i in n each individual cas case, , perhaps with 


suggestions in ‘the “code. Recommendations : are based on 1 velocity. pressures 


rather than o on design | pressures. 
‘The theory of the variation of wind velocity. with height, based on the 
“Ekman spiral, is first discussed. he rec cords “of particular storm are used 


to validate. the theory and to prov ide. detailed infor mation regarding gust 


characteristics. The duration and extent. of ‘the minimum effective e gust. is 
ties." 


discussed. A recommendation is made for the variation of velocity pressure © - 
with height, to be used i in obtaining the | design pressure -y any height. The | 


magnitude of the ¢ design pressure will | depend upon the recommended velocity | 


pressure near the ground i in ‘each A special 


JEESS 


ommendation is ma 


tio of heights raised to the e power 0.0625. . The combined effect giv es V velocity” 


es sures s which are proportional to the ratio of. heights rais ” to the P 


a The theory of the variation of old yen with height i is discussed in the 
first part of this paper. Throughout the remainder of the paper the records of 
comments are invited for publication; the last should be submitted 

Prof. of Civ. in. Univ. of Michigan, Ann Arbor, 


1000 ft a .bove which 


onstant is “juste to the inverse 


i 
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The one-seventh-power law is a sufficiently clo 
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VELOCITY | 


a particular storm are used to the theory further ana to provide 
detailed information regarding gust characteristics. The duration and extent 
‘ of the minimum effective gust is also discussed. A recommendation is made 
for the variation of v elocity pressure with height to be used in obtaining the © 
- design pressure at L any height. The magnitude of the design pressure will oe 
depend upon . the recommended velocity pressure the ground in 
~ particular geographical location. A ‘special recommendation is made for the 
ease of guyed towers, 
-- The subject of the variation of wind velocity with height i is complicated by 
the highly uncertain nature of much of the available storm observations and by 
the high cost of setting up ‘a station to obtain this information under. proper 
controls. The most voluminous information is contained in the reports of the 
Weather Bureau, Department of the Interior. ‘These latter data, how ‘ever, are” 
not homogeneous since the condition under w hich they were taken varied from 
time to time. — This variation is chiefly the result of ‘the first- order stations 
having been located, until recently, in cities where the degree of exposure was 
constantly changing with the erection of new, tall | buildings, and where the 


air flow was badly distorted by. the buildings upon w mene the anemometers | 


weremounted. 


oa ‘It is desirable that code recommendations be based on some standard of 
“reference, such as air flow in level open country, and that the influence of local - 
be ev valuated the designer in each indi- 


AND No OTATIONS 


~The letter sym 
appear, in the text or illustrations. "Essentially, conform to 
Standard Letter Symbols for Structural Analysis (ASA-Z10.8—1949). 


Ss W ind Velocity.— Speed and direction of air movements | with reference to 


points on the ground. U nits are in miles per hour unless otherwise noted. 

_ Five-Minute J ‘elocity. —Average velocity Vs, during f five consecutive minutes. 
Ata a height of z feet above the. ground, the 5-min velocity i is designated Fe 
Gust. —Localized high wind velocity lasting a short time. ; 


Gust Factor, F. —Gust velocity divided by the 5-min vilienitey. At: a a heig ht 
z feet above the ground, the gust factor is F 
parcel air of motion transvé general 


a nical terms used in the paper are defined as follows: 


Jet.—Temporary : stream air that moves at a 
Surface Wind.—Wind vector on the ground. 
Gradient Wind.- —Wind até 2 height at which the influence of the 


 Geostrophic Wind.—A approximation to the gradient: wind, in 


; the inertia forces due to the curvature of the wind path are neglected . 


— 
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WIND VELOCITY 


Isobar. —Locus of points of equal atmospheric pressure, as shown on weather 


Pressure Gradients. —Rate of of 


4 AND 


_ There is some height at which the influence of the ground friction, oer 7 


mitted | upw ard tt through eddy-v riscosity, has a negligible effect on the velocity 

_of the wind as it responds to the: pressure gradient. At this height the pressure 

is said to be dynamically balanced against two components arising 
from centrifugal force, one due to the rotation of the earth and the other due _ 
to the curvature of the wind pe. . The wind velocity computed on this basis" 
s called the ‘ ‘gradient wind.” If ‘the curvature of the wind path 1 is s neglected 
“it is called the ‘ “geostrophic wind,” w hich is sometimes referred to as the first 


approxim: ition to the gradient wind.? a 


pressure ‘gradient, ‘the coefficient of eddy Vv iscosity of the air, , the | mass ——_ 


of the air p, the angular * velocity of the earth’s rotation, the g geographic latitude — 
hich observations are made, and the curvature of the wind path. 


on the usu: al assumption | that the eddy viscosity. does not change ° with the 
height due to different degrees of vertical mixing at different heights. — mei 
_- relation betw een these factors has been expressed by Horace Lamb* and G 
‘Taylor. ‘ The equations derived by Mr. Taylor have been discussed at “ats : 


be used to 


kman assumed a wind blowing over an initially q quiet body 
of water of great extent and considerable depth, and found what would be 
- the resulting movements ” the water on the attainment of a steady state. * 
‘By inverting the system of oneieatin ‘it is possible to find the resulting 


“movements within a body of air telative to w hich the underlying water, or 


land, is apparently moving. a It can be shown that the relation between wind — 
ov elocity and height is repr esented graphically by an equiangular (logarithmic 
Ft spiral, if the velocity vectors are projected onto the surface plane, as shown in- 


Physical and Dynamical by D. ‘Beunt, Cambridge Univ. Pres, Cambridge, 
“Hydrody by Horace Lamb, 5th Ed. ., Cambridge Univ. Press, ‘ambridge, England, 19% 24, 
_ 4“Eddy Motion i in the Atmosphere,’ "by G.I. Taylor, Philosophical Transactions, Royal Soc. of London, 
‘Wind Velocity Variation with Height,” by WwW atters ‘Pagon, Engineering 'ews-Record, ol. 114, 


= “On the Influence of the Earth’s Rotation on Ocean Currents,” V. W. Ekman, Arkiv for matematik, 
astronoms ocn fysik, Stockholm, Sweden, 1905.00 


‘Physics of the Air,” by Ww. J. - Humphreys, 3rd Ed., McGraw-Hill Book Co., Inc. i, 
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Fig. 1 . In 1934, Pp. O. Huss, at the University of Michigan, Ann Arbor, ‘Mich., 


found that this spiral also represents the relations as give en by Messrs. Lamb — 
and Taylor, s since all three equations can be reduced to the same form. 
In Fi Pig. 1 the velocity of the s surface wind is given in magnitude and direction 
by the vector AB; that of the gradient wind by AC; ‘and that of the drift wind 
_ by their vectorial Seen, BC. ee The velocity of the wind at any intermediate 


— z is given by the vector AD and the ‘drift wind by DC. _ The angle” 


NT 


Aa 


tn 8 


= 

Fia. 1 —TurorericaL VARIATION OF wir Accorpine To THE EKMAN SPIRAL 


- betw een the surface and drift winds is alw ays 45° regardless of the value of a, ie" 
_ the angle between the surface wind and the gradient | wind. Since the — . 
a AD ¢ giv es the velocity : at height z 2Z it is necessary to establish the point D on all a 


= 45° — a +a then two unknown qu and a. Mr 


__Humphreys makes use of the assumption that the wind velocity reaches" 
500 m (1666 ft) and accordingly chooses value az= 


— 
— 
a 
— & ‘ | 
| 
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7 at that height; Ww hence 6° ea There remains then the necessity of find- 
the of a experimentally by observations during of strong 


ich pass ‘the spiral at an maximum 
the vector AD, as in the previous paragraph; and (2) an effective 
"ground height as the value of z = 0 at point A, Fig. 1. The latter should be — a 


= 


chosen at least high enough to « escape the effects of small local units of rough- 7 


ness. The angle, a, of the spiral and its position are then chosen by trial to 
give the best fit to the observed | points: showing the relation between wind 
velocity and height, as in Fig. 2. The velocity atw hich the spiral rT 7 
gradient level is thus fixed automatically for each fitted spiral. 
Observations during a winter stor m ill show that the direction of. the 

: gradient wind, as” indicated by ‘the direction of cloud movement, differs from 
the wind direction at the surface by a considerable at angle, about 20° 
_ less, but sometimes amounting to as much as 180° at the time of the wind-s -shift 


as a warm front or cold front is oe 


‘The snnias of controlled experiments made for the purpose of studying 
the relation between wind velocity and height 1 in open country has been very 7 
small, because of the great expense involved. On such project’ observa-. 
‘ tions during winter wind storms were conducted over a period of seven years, 7 
and during the later phases of the poe a steel tower 250 ft high wi was erected 
During 
of the spac ing the along he tower was 25 ft 
and the anemometers and rec ording oscillograph were adjusted for reading — 7 
wind velocities for interv als a as short as one-quarter second. The storm that a 


s sufficiently to justify ‘intensive study, and 


2 


ae introduced subsequently, is a wind m map showing the wiikiaiie 


; nature of the flow during a part of a typic al run. ‘The numbers at the bottom — 


/ denote: seconds, and it will be seen on that. this map i includes a period of 39 sec; 
that i is, seconds 210 to 249 of Run No. 026. . The numbers within the map are 


ai the velocity readings 1 in miles per hour, av eraged over 0. 25° sec at each Station — 


on 1 the» tow er. vertics al distance betw een anemometer ‘stations | was either 
25 ft or 50 ft. y: Iso-ve elocity contours were drawn so that a given contour line 


ie a “Storm Loading and Strength of Wood Pole Lines and Study of Wind Gusts,’’»by R. H. S erlock , 

oM. B. Stout, W. G. Dow, J. S. Gault, and R. S. Swinton, Edison Electric Institute, 1936. Oo a 

ss 8 ** Wind Structure in Winter § Storme, " by R. H. Sherlock and M. B. Stout, Journal of the Aeronautical 

4 _ 10'*The Relation Between Wind Velocity and Height During a Winter Storm,” by R. H. Sherlock and 
M ‘iB. Stout, Proceedings, Fifth International Cong. for Applied Mechanics, 1938, p.436. = | 

oP. va u “An Anemometer for a Study of Wind Gusts,” by R. H. Sherlock and M. B. Stout, Engineering — 

Bulletin No. 20, Univ. of Michigan, Ann Arbor, Mich., M 
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1a. 3.—THREE Curves CoMPARED WITH AN EKMAN SPIRAL 
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ND VELOCITY ‘ 
always passes through the same velocity number. . Whe here he 


close together the 1 velocity i is changing ra rapidly. 
In Fig. 2, three sets of data from this storm have been plotted. They show, — 
vespectiv ely, the fastest one- minute velocity (Curve C), the fastest 5-min = 
elocity (Curve B), and, finally, the fastest 60-min velocity (Curve A). within | 
w —_— the two shorter periods Sees. . Also show n are the computed values 
the most intense part of the storm occurred about At 
this time a large number of airports reported meteorological observations to ythe 
U.S. W eather Bureau. — It was possible, therefore, to obtain these reports and 
to construct a weather map | from which the pressure gradient and the curv = 
of the isobars could be determined. BS By assuming that the wind direction 
follow ed the isobars it was possible to compute the velocity of the gradient wind. | 
There were then available two sets of independent observations, one being the 
variation of wind velocity with height as s determined by on the 
250-ft- tower, and the other being the computed coincidental gradient velc velocity 
These were then used to test the validity of the Ekman spiral, and its pee 
, in representing actual conditions i n the free-flowing air in fairly level, » = 


4= 


open country, during a wind storm. 


position and slope of the ‘fitted spiral were determined primarily by 
_ those points o on the tower w hich were above the influence of the ground topog- 
here w was a slope of about 175 ft in n 4} miles to the southwest, which 
. This 4% slope to the wind- 

wi ward side of the tower | gave an 1 increased adsl to the lower layers of the 

w wind. | | The c curves show that the g gr round effect extended approximately to the 


100- ft lev el and that the ee at the 5 50- ft and 7 75- -ft level: els were from lto2 a 


ib 


‘been show ni to depend upon temporary channels of 
“ velocity which maintain themselves for 10 sec or 15 sec, and at times even 1 for 


min, and \ w hich tended to recur at the same height. 
The five u upper - stations of the 60-min curve, however, deviated from i 


7 spiral by only a fraction of 1 mile per hr, whereas at the gradient level — 
the fitted spiral was 10 miles ‘per hr below the gradient level. _ It should be 
remembered that the | pressure gradient m may y be changing : at any given location, 
as area is are local deviations not 


+ Ting, it would not be surpr ising, if, over a period of 60 min, the average 


pressure gradient at this location should have changed so as to decrease the — 
g 


er: rage gradient velocity from 63 to 53 miles per hr. 
The fastest 1- ‘min velocity occurred within two or three minutes of the ne 


_ hour at w hich the barometer readings Ww ere taken at the various airports. 

a would be expected that there would be better agreement between | the ited 


- spiral and the gradient velocity for this 1 min than for the 60-min per iod, pro-— 
vided that ‘iti is s assumed that the. 1-min interval is a sufficiently long period of 


ust Factors for the Design of Buildings,’’ by R. H. Sherlock, International Assn. for Bridge and 7 


ral Eng. Publications, Zurich, Switzerland, Vol. 8, 1947, p. 209. “a 
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VELOCITY» 
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time me for establishing compatible values ake velocity and pressure siete ; 
"throughout the full depth of atmosphere t below the gradient le level. The average 
Bee 
v elocity. within this depth w was, approximately 60 miles per hr and, ‘therefore, 
this inter val measured the passage of approximately one mile of wind. . This 


“mass of mov ing air, , therefore, was between two and three times as long as it 
was deep. A closer ‘agreement could have been obtained by giving greater 
w eight to the five readings from 100 ft to 200 ft and less weight to the reading 
at 250 ft. - This approach. might have been justified on the gr ounds that the 
high velocity exhibited at the 250-ft level is the result of one or more of the 
transient “jets” prev iously referred to as. “temporary channels.” Such jets 
ould have required a spiral of about 18° instead of 17°. 
- ‘iT he deviations of the 5-min spiral are greater than those of the 1-min spire al. 
‘The points on the tower 1 show less regularity, and if the same argument were 
used for underweighting the point at the 250-ft level, an 18° spiral could have 
been justified instead of the 17° spiral, — This would have resulted in a still 
eae difference at the gradient level. _ How ever, it was felt that the points © 
at the 200-ft and 250- ft | levels should be giv en their full values: in fitting the 


It has been seen that the computed gradient wind is about midw ay betw een 
the spirals for the fastest 5 min and the : fastest 1 min ,Ww hereas the geostrophic 
wind is far faster than the fitted curves. - ‘This indica ates that the curvature of 
the wind path, which was ignored i in computing the geostrophic wind, contrib- 
‘uted an n important - component to the dynamic balance. W hen it is ‘considered | 
that the curvature of t: the wind path was estimated from the curvature of the : 
isobars, the fit between the ‘spiral and the two sets of independent observations | 


 (anemometer readings and computed gradient wind) must be said to be very 
good indeed. — ~The curvature of the isobars would normally be less than the 
curvature of the wind. path and, therefore, the e computed gradient v wind is the 
lowest reasonable ralue. A higher value would ‘give a better fit to the 17° 
a _ This is only one storm; but it is a typic: al storm, for which the coincidental | 
meteorological haracteristies® might w ell serve as textbook material illustrat 


ing severe storms in the United States. — The « cone lusions 1 w hich 1 may be draw n- 
these observations are: 


The theory expounded by Mr. Taylor 2 and others fits the experimental 
paar’ 
data for this fairly intense winter storm very well 


_ 2. The between the surface wind the gradient wind in such 


3. The curvature of the wind path supplies | an important component in| 


establishing. the gradient wind, amounting in this | case, if ignored, to 30% % of 


Tue Seven rH-Power Law 
In Fig. a one-seventh power curve has been drawn so as to pass through 


* value of 40 miles per hr at the 50-ft level. This is a slightly higher velocity | 


es ‘Gust Factors f for the Design of Buildings,” by R. H. Sherlock, International Assn. for Bridge and’ 


- Structural Eng. Publications, Zurich, Switzerland, Vol. 8, 1947, Fig. 3. a 
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curve between the 100- ft 200- ft levels i is to that of the 
“fitted spirals. | In general it gives only a a small deviation from the fitted spiral 
below the 1000- ft level. The extent of the deviation will depend upon the 
lev el at which the | pow er ‘eur ve is started. _ If it were made toe coincide with the 
spiral: at the 100-ft level the deviations would be smaller than those shown in 
— the diagram, w hereas if it were made to coincide at the 30-ft level the dev iations 
would be considerably increased. If it is desired to use a power curve as an 
approximation to the theoretical curv e, it should be used only up to about the 
1000-ft or 1500-ft level above which a constant velocity should be used. 
a In Fig. 3 the 17° Ekman spiral has been repeated, but this time it has been _ 
_ passed through the point giving 50 miles per hr at a height of 30 ft, as was done 4 
in ‘Fig. 1. This is a point sometimes used in discussing the U. ae 
— records for the: fastest daily 5-n min average velocity. _ The o one-seventh — 
power curve has been passed through this same point, and it is seen that by 
lowering this “effective ground level” the deviations between the spiral and 
“the ower curve have become greater than i in ig. 2. They to 7 
or about 9% of the theoretical value, at the 1000- ft leve el. ia ae 1 
In his of the Taylor equations, Mr. Pagon® has 
157, as considered by Ludwig Prandtl and O. G. -Tollmien, instead of 0. 143 
(= 1/7). " This « curve is likewise shown, and i is obviously more conservative. 
We EATHER Bureau Dara 


* ‘Fig. 3 likewise shows a curve for the maximum 5-min velocity presented by 


s. PW ing" in 1931. This curve is based on an outstanding analysis of the 
U.S S. Weather Bureau records for Chicago, Iil., and New York, i ~ Because 
a s the » badly dispersed nature of the records Mr. Wing considered it necessary 

use statistical methods in his analysis. - It is believed that his approach to 
ee n interpretation of these results was a proper one and that the only criticism 
that can be raised agail 1inst the curve must be based on the changing conditions — 
of exposure, the distorted pattern of flow around the buildings on which the 
-anemometers were mounted, and the pessimistic prediction of what the wind 
_may be expected to do above the 1e highest elevation available in these records— 
«454 ft. In this latter prediction. Mr. Wing was influenced at least to ‘some 
tent by statements attribuied to W. Dines and C. - Marvin, that the 
wind doubled at from 1000 ft to 1500 ft above the ‘ground. | The curves pro- 

7 _ posed by Mr . Wi ing for the variation of 5-min velocities with height must be 
looked upon as ultra- -conservative, | but as being probably the best available 
analysis. of the Weather Bureau records as they bear upc upon the question o of the 

variation of wind velocity 
Gust Factors 


to select the maximum wind that is is “proper for the 


and for the size and exposure of the structure. This is the design velocity. 

14“ Wind-Bracing in Steel Buildings,” Second Progress Report of Sub-Committee No. 31, Committee on 
Steel of the Structucnt Division; Discussion by 8. P. Wing, Proceedings, ASCE, 1932, 1103, 
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we ‘eae include an allowance for gusts which are are of relatively short duration 
but Ww hich are of ‘sufficient extent to envelop the structure and to _— the 
resulting aerodynamic pressures to dev elop on all sides of the structure. fee 
__ The Ww records contain } on the s 


passing can be the but this is of 
since, ina gale, it corresponds toa period of about 1 min during which several 
strong fluctuations n may occur. Also, the fastest mile of wind is difficult to 


4 necessary to supplement the Weather} Bureau records of 5 f 5-min average velocity, 7 
therefore, by studies of gustiness i in records from other sources. 
_Gustiness is accompanied by so many variations of velocity, temperature, 
and humidity that no comprehensive theory ‘exists as to w hy it arises or how it 
proceeds. oll However, it may safely be assumed that gusts are - caused chiefly 
by the growth of eddies, local pressure differences, deflection around objects, 
vertical thermodynamic interchange, and by combinations of these e: causes. 
‘The most important cause is ‘unquestionably vertieal interchange due to thermal 
“instability. This phenomenon i is well known and has been studied extensively.'® 
WwW hen a cold air mass moves over ground that has previously been psa 
. by a warm air mass, or W hen a warm air mass is overrun by a cold air mass, the © 
- lower strata are warmed so that the conditions ; necessary for thermodynamic 
; _ stability are altered 1. Usually, | but not always, the highest velocities and the : 
; _ most violent gusts occur within the southwest quadrant of the low-} -pressure 
area, that is, while the highly turbulent and unstable front portion of the cold 
mass is passing. In zone e of transition there Is a condition | of thermal 
the and lower strata. gusts occur near the ground because masses 
of air from the more rapidly moving higher | strata reach the ground before. 7 
losing all of their excess forward ‘momentum. — Gusts from this source may be 
~ of a violence limited only by the kinetic energy present in the high strata. Be , 4 
i ON ear the g ground the wind i is is unable to respond fully t to the pressure-gradient | 
. because of friction. n. This 1 retarding effect is transmitted upward through the 


a _ medium of eddy-viscosity—that is is, , through the re: resistance to free Jaminar flow 


eve er, there is is some height at w yhich the e effect of ground friction i is negligible, 
w here the air is free | to respond to the pressure gradient without this retarding — 


- effect. 2 As the warm air at the lower levels is forced u upw ward by: the heavier” : 
“oa: cold air it must be replaced by the colder, fast moving air from above. 7 If the 
s a of air involved in this interchange | are sufficiently large, the retardation | 


‘ produced 1 upon n the falling n mass of air, through eddy viscosity and collision with 


slower moving. masses, may be so small that the descending mass loses only a 


small part of its velocity before reaching the lower strata, and a violent gust 7 


_____18“Physical and Dynamical etiam: * by D. Brunt, Cambridge Univ. Press, Cambridge, England, 
16 ‘‘Weather Analysis and Forecasting,” - Pettersen, M Hill Book Co., 
. Y., 1940, p. 
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ventions speed | with which this increased travels dow wnw 


27 miles in one case, and about 14 ft per sec 
"observations were on the 250-ft tower. This effect could be produced through 
“shear between horizontal layers 0 or vertical displacement, as 


reach the within a few second 


or, to ¢ descend toa level of 200 ft or 250 ft and then to recede ote “eel 
reached the ‘ground; - or to have receded and then resumed the descent within 


a ‘The. rate of change of wind velocity w with height has been : shown to heehee 
“great during periods of temperature inversions. 19 Howev er, such inversions do- 
occur in conjunction with steep pressure-gradients and, ‘consequently, with» 
high gradient- velocities. During: those storms when high velocities occur the 
vertical mixing is 80 active as to destroy a any possibility of the stability required 
temperature inversion. The inversions usually occur when a warm 
air mass move S over ground that has previously been n covered by a a air 


_ mass, or when a warm, air mass overruns a cold air mass, and» this creates a 
condition favorable to > stability and ‘unfavorable to the gustiness of vertical | 


Gust factors are referred to the 5-min average ge velocity in this s paper because 
‘that is the principal unit used in the long-time records of the U. 8. ‘Weather 


Bureau. The gusts that occur within such a period may have any 


- to 5 min; | that i is, , 300 sec. . The gus gust factor, _ within any 5-min interval, is 


Within a pre there will be 5-min intervals of many different velocities 
these will be distributed in accordance with some statistical law. . That 5-min 
interval which has the highest velocity may be looked upon as . gust t within — 


the storm. . Its: average velocity will approach, an and through deflections may , 
actually exceed, that which could be » expected f from the spiral fitted to ‘the — 
computed gradient velocity. is not to be expected, then, that the gust 
= in the fastest 5-min interval fora given 2 storm will be as gr reat as within | 


‘This phenomenon i is shown i in Fig. 4, which is taken from a report of gusti- 


ness ‘during the same storm - which the | characteristics of the Ekman = 

previously ¢ discussed.2° Each point is for a particular: 5-1 

_ whose velocity is expressed i in units equal to the : average velocity of the tm . 


sa imple. z A Pearson Type III statistical curve was used to establish an envelope 


for each. set of points. It appears tl that. the gust | factors. that occurred within 


— the storm were greatest for those 5-min intervals which had approximately the | 


“Picturing the Structure of the ‘Wind,’ Sherlock and M. Stout, Civil Engineering, 


1932, p. 361. 
18 “‘Wind in Winter by mt ‘i. ond M. B. ‘Stout, — of the Aeronautical 

Semone, Veh. 6, 1087. 
19 “Wind Structure Near the Ground and its Relation to Temperature Gradient,” by G. S. P. Heywood, 
Quarterly Journal, Royal Meteorological Soc., Vol. 57, 1931, p. 433. 


20 “Gust Factors for the Design of Buildings,” by R. H. Sherlock, International Assn. for Bridge onl 
Structural Eng. Publications, Zurich, Switzerland, Vol. 8, 1947, Fig. 15. pierce Fiala 
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Fie, 4.—ENVELOPES FOR OBSERVED Gust Factors oF Various Gust Durations 
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WIND V BLOCITY 
av rage velocity of | the : storm, and | were lc lowest for those 5-min intervals \ which 
approached the maximum for” the storm. It is important to note that no 
—~5-min velocity exceeded the storm av verage by more than 20%, and, as would d be — 
“expected, that the gust factors - were largest for the shortest gust period. 
ey ig. 5 illustrates a different method of showing the \ V variation of — 
with height. Here a total of fourteen 5-min it intervals, have been separated 
into three | groups. Group 1 represents the a average . of six 5-min intervals for a 
total of 30 min. Groups 2 2 and 3 represent the averages of four 5-min intervals a 
for a total of 20 min each. 
-5(a) shows that Group 1 has the highest velocities, Group 2 
velocities, and ( croup 3 the lowest velocities except at the 


level. Fig. 5(b) shows the increments AV; that were added to the 5-min veloc- 2 


AV. VEL., M. PH FOR MAX. GUST. FACTOR 
| 


VELOCITIES AND Facrors | oN 250-FT Tower» 


ities by the | of | thane three 5-sec gusts are used for of 


| average all was taken group of intervals at teach 


7 elevation. — At the e upper stations « of the e tower the largest gusts are those which © 
with the lowest velocities, , that is, in Group : 3. In Fi Fig. 


| 


the ‘same three groups, again for 5-min interval and av er- 
aged 1 for each group at each elevation. At all except the 25-ft elevation a i 


largest gust factors accompany the lowest 5-min velocities. 
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‘ 
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~The ‘design velocity that must ev entually be | chosen will be equal, in each 
ease, toa 5-min velocity by the factor. the 


question must be answered: 


“Will the lower fiv e-minute velocities Ww with hi high gust factors ors ever produce 
; 4 . higher design velocity than that which is obtained by taking the highest 


five-minute velocity on record and applying to it a lower gust factor?” — -, 
a ‘jee answering this question it should be noted that, for the higher 1 i 
-_-velocities | (in miles per hour), AV; decreases only slightly with height, whereas a” | 
Wsi increases rapidly with height. _ This means that the decrease i in gust fact tors 7 - 
with height, w hich has such an important part i in later. ‘discussions, is due mostly ™ | 


-5-MINUTE VELOCITY 
AVERAGE VELOCITY OF STORM SAMPLE 


‘Te Gust Duration, AND Destan VeLocity (2 = 50 FT AND 75 FT) 


‘to the increasing values’ of 5 rather than to o the decreasing values of AVs. 
There’ is a fundamental difference in interest, therefore, between the 


gust in miles per is most and to the latter the most 
important consideration is its percentage of the steady wind to which it must — 


Tn Fig. 6 6 the envelopes for the date 1 in ‘Fig. 4 have been replotted in such a 


— eW hich gives es the higher: design v silitiees a high 5 5-min 1 velocity with a 2 small 
gust or a low 5-min a factor?” 


‘J 
+ * 
figa 
— 
| 
“ 
ta | 
depends on the position of the 5-min interval within the storm, it was decided 


7 


VELOCITY 
use use the average Vv velocity ¢ of the storm sample as the unit of velocity. Ine 


other wor ds, , the 5-min is av of the stor m plotted 


as solid lines up to. a) value of 1.2 for the since no 5-min 
interval during this stor rm exhibited a a higher | iv elocity. - Diagonal lines are 4 


_drawn to show the relation between the V;- -velocity, the gust factor F, and the - 


«Ati is readily seen that the highest. design velocity does not occur either at 
' the storm average or at the peak w hen V; = 1.2, except i in the case of large 
gusts having a duration of 60 sec. In this ethan tne: F = 1.08 at Vs = 1.2; 
at the F = 17. The corresponding design velocities, 


*| 


= 


7.—Variation oF Gust Factors witH 


= “expressed i in of the storm average, are 1.30 and 1. respectiv ely. Obvi- i- 
’ By the larger design velocity will be obtained by using the highest V; (that 
- is, Vs/Vaver = 1.2) with its accompanying lower r gust factor in the case of 
60- -sec gusts. is not alw vays. the case, however. For ‘example, the curve 
7 for ‘10-sec ‘gusts shows t that the design velocity for maximum V5 5 is 1.43 and for F 
the: storm erage is 1.40, neither of which is the maximum. An n intermediate 
4 - value of V; gives the maximum design velocity of (1.475 with a gust factor of 
7 ¥ 34. The answer in this case, tl then, is that neither the av erage of the s stor m 
sample 1 nor the maximum value e of Vs has accompanying gust factor that 
"gives the m maximum design Vv elocity. ‘This is true for all curves show 
here for gust durations of 10 see or less, 
a ad Fig. 7 has been drawn to show the relation between gust factors and height 
“for different gust durations: from 0.5 sec to 60 60 sec. Dash lines are values 
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VELOCITY 
i 
observ ed during the passage of a jet : at the (22 5-ft level, and n is the exponent 


of a fitted curve. ; ‘The ‘points shown at elevation 62.5 ft are taken from Fig. 6 
- covering observations at 50 ft and 75 ft; those for elevation 150 ft are taken _ 
from a similar drawing covering observations at 125 ft, 150 ft, and 176 ft; ~ 
and those shown at an elevation of 225 ft are from data for heights | of 200 ft. 
and 250 ft. Here the gust. factors are obtained by dividing the highest design = 
and 260 by V = 1.2 (in storm 1 units) i in order to obtain an a adjusted @ gust factor.. 
For example, at the elevation z = 62.5 ft, Fig. 6 shows that for a gust ner 
of 10 10 sec the maximum design velocity i is 1.475. This occurs approximately at 
. a =1. 1 with a coincidental gust factor of 1. 34; but the gust factor in Fig. 7 
was obtained by dividing 1.475 by 1.2 instead of 1. 1. This gave the adjusted © : 
gust factor hash 1. in n Fig. 7. This m method was for all other 
“fastest 5 5- min velocity can re andi in por w vith gust factors that have 
been ac adjusted to give the highest design velocity in the storm. a. This method. 
‘is valid on the assumption that the relationships shown i in ‘Fig. 6 | for this storm 
likew vise representativ' of other severe storms. 


ae ~The data for the observed 5-sec high» velocity groups | and 2 iiesiiaas: in 
ig. 5(c) have replotted i in Fig. 7 for the of f comparison. Below 


“eases. . Also a smooth exponential ¢ curve has been « drawn to pass | through the © 
two points F = 1.5 at El. 30 ft and F = 1.15 at El. 2000 ‘ft, The - slope 
of the curve is nearly the same as for the data taken from Fig. —5(c) cand 
for the data below 1 150 ft i in ‘Fig. 7. However, at the upper stations the influ- 
ence of the high v values of the gust Seitinen in lower V;-intervals is such that the 
points exceed t the fitted curve by a substantial 2 amount. The reason for this — 
v ariation is to be found partly in the existence of temporary jets as 3; shown 
subsequently in Fig. 12, which demonstrates that there are jets lasting from 
Second No. 214 to 2 232 and from 237 to 245 during Run Number 026. These 


jets) were e probably generated by unbalanced pressures betwee een two fairly large 


been on a a smaller scale i in the of Wilhelm Schmidt. 
was he who first applied the expression ‘ “jets” to these phenomena. 
-_ a. 8 shows the variation of wind velocity with height during the passage 
of a jet ‘at elevation 200 ft. E total of 30 sec is show n, divided into three 
periods of 10 sec each; thus hus (see ee Fig. 13, introduced subsequently) : 
Seconds 236 to 246 


his 32-sec is with the arrival of a gust that been pre- 


, ceded by another gust whose effect had not yet diss ee entirely r. The : 


= 


@ 


21 *Turbulence Near the Ground, by Wilhelm § Schmidt, » Journal, Royal Aeronautical Soc., 
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wi ND VELOCI TY 
~s hich is recommended for the variation of velocity with height, cluding a : 
gust factor, is representated by the heav solid line (Curve 4). It shows that 
the jet at the 200- ft station n establishes a a seen curve ve that exceeds the actual” = 
at the 25 


| 


| 


_10-SECOND AVER. VEL. MPH. 


re 
Fie. 8.—V ARIATION VELociTy wITH Hereut Du RING THE OF A Jer 


also exist in still larger sizes and at higher elevations. — Some allowance must 
be made for them w aaa fitting curves to data showing the decrease of | sal 


STS 
A structure will not respond to the pressure ofa mail that i is s only a small 
fraction of the size of the structure. The gust must have sufficient vertical 


horizontal extent to env not Structure | but als 


wi ya mass air his s separated from 

; ok the higher serstti ee’ by vortex layers. In front of the building, a tur- 
bulent zone is likewise for med, and it likewi ise is separated fr from the higher ; 

‘streamlined flow by a vortex layer. The entire flow pattern is such as to_ 
{ within the alr, a that offers a minimum loss of 
streamlined flow has been 


7 
» 
Since small jets of less than 1 m have been observed near the 
7 Schmidt, and larger jets of 50 ft to 75 ft, with 1-min duration, an Fat a 
height of 200 ft have been observed at the University of Michigan, it is o az oo 7 | 
> - prudent to assume that the pressure differences that gave rise to om ouienl  &§ 
| OY 
_ 
as 
— 


established in the wind, there n may be superimposed upo upon the average flow im 


The size of the » gust n necessary to envelop a rey amount of this stream- 
lined wind structure to transmit the corresponding changes i in pressure to all 


sides of the building has been shown? to be about eight times the dimension of 
the building along the wind direction. . This factor, eight, is based on a study © 
of f experiments” performed on airfoil sections. _ The results are adopted here 


MAS 


because hed the absence of experimental data based on n sharp- edged structures, 


tion, ifa is at 75 miles per hr it ‘should have a duration of least 

3 see in order to. be fully effective in n establishing new pressures” on all the 
y surfaces of a building Ww hose dimension i is about 40 ft along the stream. a 
i The lateral extent of the gust must also be considered. — «dB. would need to be _ 

> fr h. Fora 

omall building about 50 ft ¢ across s the v wind stream, an allowance of half this. 


length at each end w one give a on front about 100 ft wide. has: been 


3% to 8% less than if it had been computed from ee: records of au an anemometer 
measuring velocities at a point. 


In selecting the effective gust it is necessary make sev 
pane most of which are e conservative, but some of which are not. e 


is believed that the balance i ison the conservative side. — They ar are as follows: 


a 1. The results regarding the wake of a building, obtained by ne mallentors 4 


n particular shapes of buildings, apply reasonably well to other shapes wall 


4 2. The time lag i in the development of the pressures on an airplane wing 
onelie also to buildings | and, therefore, a cust eight times the length of the 


building i is adequate to develop the new pressures; 
3. The lateral flow around the ends of buildings | decreases the e length of | the 

ake and consequently the length of. the m minimum effective gust; but this 

_ adverse condition is more than offset by (a) the favorable margin in Item 2 2 and 


— the fact that the gust factor is later chosen on the basis of obser rations 
_ taken by an anemometer at a point, w wheseas, buildings are affected by gusts of 


An: additional margin 1 of ‘safety i is later in n selecting 


- Fig. 9 shows an idealized ‘diagram | of ‘the manner in w hich a large gust i is 
eneaiel by the descent of a mass of air from the gradient level. # It has pre- . 


viously been mentioned that some gusts have been shown to descend with : a 
_ velocity of 40 ft per sec ¢ (27 miles per hr). _ This descent is not uniform but. 


is made in surges due to the unquestionably turbulent nature of the g gust front. 


=; _ - 22“Gust Factors for the Design of Buildings,’”’ by R. H. Sherlock, International Assn. for Bridge ‘al 
‘Structural Eng. Publications, Zurich, Switzerland, Vol. 8, 1947, p.221. 
- >, 23 Proceedings of the 3rd International Cong. for Applied Mechanics, Stockholm, Sweden, 1930, p. 329, 
“Gust Factors for the Design of Buildings,’ by R. H. Sherlock, International Assn. for 
‘Structural Eng. Publications, Zurich, Switzerland, 8, p. 220. 
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WIND VELOCITY 
= 
If j it i is s desired to envelop the entire depth | of uv tall structure, such ¢ as a, ‘modern 


towe er building, the gust would have to be of such duration that it Ww would have 


— the time that the minimum effective gust is being developed at the © 
low ver part of the building the gust at the top of a building 16 1000 ft high would — 


e been blowing for than 30 sec. ‘The: probability that 
GS ‘the entire height of such a tall building would be simultaneously subject | to the 


‘maximum 1 10-sec gust is very remote. Therefore, if the 10- sec gust is is 
for rpose of A the | design 
q 
4 
a 
| § Gust a Hien Buripine AND A | Tower 
10-sec gust is hereby adopted for the purpose of this paper, ¢ and the 
; ow -_ corresponding gust factor is taken at F =15 for an elevation of f 30 ft and at  ? 
_ F = 1.15 at an elevation of 2000 ft. The var iation of gust factors. with height | : 
is thus established by the 


In Fig. 7 the adopted | variation of g _ factors w with height is shown for : 


‘comparison w vith the data taken on the 250-ft tow er. It is seen that: (a) Suc h 

3 curve is very nearly parallel to the lines plotted from Fig. 5 based on. a 
5 min average velocities and 5-sec gusts; (b) it gives an ample margin of ara 

' for the usual gust factors found with the adopted 10-see gusts; (c) it makes an 
allowance for the occasional appearance « of the jets. which were principally 7 
responsible for tl the high gust. factors shown at EL. (d) it gives gust 

factors larger than those required for the 3-sec gusts that w ill be necessary to 

envelop buildings of less than 100 ft in height; and (e) for very large struc- 


tures, w which might require from 10 see to to 60 sec, ‘is an ample 


The ‘design pressure will always ee equal to some shape | factor a 


byt the velocity pressure. The ASCE Structural Division C ommittes on W ind 


— 
i 
>: 


Fore orces is s currently preparing recommendations regar ding the v elocity 
‘sures to be used near the ground for different parts of the United ‘States. . ‘ 
ed 
Therefore, it seems reasonable to express the recommendation for the variation | 
of design } pressures with height i in terms of those velocity p pressures which are ; ale 
t to be adopted for use near the ground in open, country. ~~ this way, if the “a e 
standard of reference is that which would prevail in open, level country, each a 
q designer can make whatever adjustments seem advisable to evaluate such influ- __ 
ences as local and unusual 
| 
t 
: 
ser 


which 1€ ocit pressure | q is expressec as 
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WIND VELOCITY 


WY, are. the maximum 5-min at and ft, respec 
tiv ely, and if PF. z and F'z0 2 are the c 


=I Eq. 6 is valid up t toz = 1000 ft ft, abov ew — a constant v ments of q is to be hail 


it will be seen that Eq. 6 includes | the vat ariation of both the velocity + with 
-: and the gust factor with height. It is represented in Fig. 10 by a curve, 
whic! h a is fitted as the recommendation of Pe aper 


| 
| 


‘Fig. 11 Loapina Va ARIATIONS TO Propuce AXIMUM AND Suears In A GuYED TOWER 


en the vari: ation of velocity pressure with height. The stepped r 

tions: of. the “American Standard Minimum Design Loads in Buildings aor 
Other Structures” (AS A-A58.1— ~1945) are shown for comparison. The differ- 
ences are chiefly that, in this paper (a) above 100 ft the velocity pressures: are 7 


— less; (b) fewer steps are used; -and (c) a constant velocity pressure is ‘used above ve 7 


Gor. ED ERS 

_ Because of the presence o of ‘the jet type of gusts, and ii the spans 

the upper guys may be loaded with gusts that have not ye yet 

the lower spans, ‘it is essential that dev iations from the recommended variation 
. of gust velocities with height should be taken into o consideration i in this type e of | . 
_ structure. 7 It is recommended that the velocity pressures shown in Fig. 10 
should be reduced by 25% in that g  guyed | Span | of a tower which would result in 


larger: moments or shears i in that s span or any other sps span. in. This i is shown dia. 
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grammatically int Fig Fig. ll. Itis s based upon the study of v vertical sections of th 


wind during passage of the jets, as shown in Fig. 12 and inane in | sa 8. 


The reco 
cor onsiderations: 


1 All recommendations should be based on conditions in open, level eleountey 


asa standard of reference, and the influenc e of. shielding : hp unusual topography 


The ground—that i is, s, the height i in open, level country at which 


disturbances are unimportant, and w hich approximates the height of 
_anemometers now in use by the U. S. Weather Bureau in the first-order sta- 

tions at airports—has been taken at 30 ft. 


design 
Shape factors should be taken into account separately. 


' z ~The geographic distribution of maximum 1 5-min v elocities n near ear the ground 


- should be taken from the U. 8. Weather Bureau recor rds. AL gust factor of 1.5 
4 at elevation 30 ft should be used in making the e corresponding 1 recommendation — 


Pa. 6. The variation of air density | with | height should be ignored, since, on the 


“average, it amounts to only about 3.3% in the first 1000 ft, and even this i is 


. The e equation for the relation betw een velocity | and I height should b be e based 
primar rily o on well-validated rational considerations rather than | upon a statistical 


sis of the U. WwW eather — 


velocity is justified. 


a 
9. The variation of gust factors with | height. is adequately represented by _ 


of wind ‘velocity + with height up to 1000 ft, Ww hich a 


«10. ‘The combined effect of f the variation of maximum wind velocity w vith 


height and of maximum gust factors with height is give en by Eq. 6. 
Guyed towers" should be designed for the effects of aerial 
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hexnow LEDGMENT = = 


paper was written in connection with the writer’s work on the ASCE 
"Structural Division C ommittee on WwW ind Forces. It deals exclusively with 
we variation of the wind force as a function of the height. above the ground. 
Other aspects of the action of the wind on engineering structures is being pre- F 
ina report of that committee. 
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